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Size dependence of lattice deformation induced by growth stress in Sn nanowires
We report on size-dependent lattice expansion of single crystalline Sn nanowires ͑NWs͒ with the wire radius ͑r NW = 6.9-34.7 nm͒, where the NWs are deposited under confinement of a nanotemplate. The longitudinal lattice expansion in the NWs increases up to approximately 1.0% with the reciprocal radius ͑1 / r NW ͒, contrary to the general theoretical prediction that the surface relaxation causes lattice contraction of nanomaterials. The longitudinal dilatation of the NW lattice can be understood by the Poisson effect induced by the compressive growth stress in the radial direction, which increases with the reciprocal radius. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3064167͔
Metallic nanowires ͑NWs͒ have attracted increasing attention for applications to nanodevices due to size effects on their functionality including variation in mechanical properties, electrical resistivity, superconductivity, thermal properties, etc.
1-4 Size effects, which are dependent on an increase in the surface-to-volume ratio, originate from surface relaxation, which is due to imperfection of the coordination number ͑CN͒ on the metal surface. 5, 6 According to Pauli 7 and Feibelman, 8 the metallic radius of an atom would shrink due to reduction in the CN. Spontaneous bond contraction induces surface stress at the surface, which plays an important role in the size-dependent elasticity of NWs.
1,9,10 According to the Bond-order-length-strength ͑Bond-OLS͒ model 5, [11] [12] [13] and atomistic computational methods, [14] [15] [16] the lattice parameters of metallic crystals at a nanometer scale diminish with the reciprocal radius due to the surface relaxation. Many experimental studies have also demonstrated size-dependent lattice contraction. [17] [18] [19] Therefore, the surface stress related to the surface relaxation modifies the elastic and plastic responses in nanomaterials. 20, 21 Metallic NWs shrink in the axial and radial directions with the reciprocal radius. 5 However, to date, there have been little theoretical and experimental studies on the growth stress in metallic NWs. In this letter, we report that the crystal lattice of Sn NWs expands in the longitudinal direction depending on the wire radius and the longitudinal dilatation is ascribed to the intrinsic stress generated during the growth of the NWs.
AAO ͑anodic aluminum oxide͒ templates ͑8 m thick͒ on aluminum substrates were prepared by a two-step anodization process at 274 K. 4 The as-prepared templates had pore radii of r p = 6.9Ϯ 0.5 and 8.2Ϯ 0.9 nm, respectively, for the sulfuric acid electrolyte ͑1M, anodic voltage= 15 and 23 V, respectively͒ and r p = 13.1Ϯ 2.2 nm for the oxalic acid electrolyte ͑0.3M, anodic voltage= 40 V͒. After the pore widening process in phosphoric acid solution, the respective templates had final pore radii of r p = 6.9Ϯ 0.5, 8.2Ϯ 0.9, 9.1Ϯ 1.2, 12.4Ϯ 1.9, 13.1Ϯ 2.2, 18.1Ϯ 2.0, 24.7Ϯ 1.7, and 34.7Ϯ 1.5 nm, respectively. r p was measured from twenty pores of three specimens using field emission scanning electron microscopy ͑Hitachi S4800͒. Sn NWs were electrochemically deposited onto the templates in an aqueous sulfuric electrolyte using a two-electrode system at room temperature under a sine wave voltage between 0 and Ϫ10 V. Here, because Sn cations are reduced at the cathodic potential, it is difficult for oxygen anions to be electrodeposited due to the electric field repulsion. The detailed procedure can be found in literature. 4 As the NWs replicate the AAO pores, the pore radius ͑r p ͒ can be assumed to be equal to the NW radius ͑r NW ͒ in the case of small strain of less than 5% because the standard deviations of measured radii were approximately 10%. The NW length was about 4 -6 m.
In order to determine the lattice parameters of the Sn NWs, the ͑400͒ plane diffraction peaks were analyzed using x-ray diffractometry ͑Cu K␣ radiation, -2 scan, Bruker D8͒ for various wire radii, as shown in Fig. 1͑a͒ . For the calibration of diffraction angles ͑ B ͒ of ͑400͒ plane peaks, the ͑400͒ plane diffraction peak for Si powder ͑NIST SRM 640c͒ was simultaneously measured as an internal standard ͑2 B = 69.132°͒, 22 as shown in the left inset of Fig. 1͑a͒ and plotted in the right inset. Here, several diffraction peaks were split due to diffraction by K␣ 2 radiation. The Bragg diffraction angles were determined by fitting the experimental data via the pseudo-Voigt function. With the shrinkage of the NW radius in a range of r NW = 34.7-6.9 nm, the diffraction angles were shifted from 1 to 8, as shown in Fig. 1͑a͒ . The deformed lattice parameters ͑a NW ͒ in the a-axis direction of NWs were determined from the average value among the three measurements of the ͑400͒ plane diffraction angles from the Bragg condition for the tetragonal crystal structure. In this study, only the lattice constant ͑a NW ͒ was measured because Sn NWs have a single crystalline structure with the a-axis parallel to the pore direction of the template on which the x-ray is incident, as shown in the left inset of Fig. 1͑a͒ . Figure 1͑b͒ shows a typical high resolution transmission electron microscopy ͑TEM͒ image and electron diffraction pattern indicating that the Sn NW had a single crystalline a͒ Author to whom correspondence should be addressed. The question arises as to why the lattice expansion occurs in the longitudinal direction and increases with a decrease in the wire radius while the lattices of other spherical nanoclusters such as Sn, Bi, Cu, and Ni contract as the radius is reduced. 5, 12, [17] [18] [19] According to the theoretical prediction of the Bond-OLS model and atomistic calculations, 5, 6, 14, 16 lattice contractions of nanoparticles and NWs would occur due to the effects of surface relaxation. The size-dependent contraction of the NWs can be expressed by the Bond-OLS model
Here D b and c i are the atomic diameters ͑0.372 nm͒ of Sn ͑Ref. 23͒ and a CN-determined bond contraction factor of atoms at the ith layer from the surface, respectively. In a previous report, c 1 was deduced as 0.9966 via a Bond-OLS simulation of experimental results where the a-axis lattice parameter of Sn nanoparticles contracted up to 0.07% at r = 4.6 nm. 11 Here, it is assumed that c i = 1 for i Ͼ 1 for simplicity. As shown in Fig. 2͑a͒ , the longitudinal lattice contraction increases slowly with the reciprocal radius according to Eq. ͑1͒.
Thus, the lattice expansion observed in the present study is opposite to the effects of surface relaxation inducing lattice contraction of nanostructures. Recently, it was reported that Si NWs can be expanded when they are passivated by hydrogen. 24 Also, although an expansion of the lattice constant in Pd nanocrystals was observed, it was due to pseudomorphism in the case of crystalline supports or the incorporation of impurities into the Pd lattice. 17, 25 In this study, the amorphous character of an AAO nanotemplate leads to negligible pseudomorphism. After melting the Sn NWs ͑r NW = 18.1, 24.7, 34.7 nm͒ in templates at 400°C and solidifying them under vacuum ͑10 −3 Torr͒, the lattice strains ͑ melt ͒ were relaxed to approximately zero, as shown in Fig. 2 ͑open circled data͒. The relaxation of elastic strain after melting excludes the incorporation effects of impurities such as O 2 and H 2 . If any, the incorporation effects would be sustained despite the thermal treatment. Also, the melting temperature depressions of Sn NWs with the reciprocal radius in the previous study exclude the oxygen incorporation, which is known to increase the melting temperature according to the Sn-O binary phase diagram. 26 The longitudinal lattice expansions can be understood by the following mechanism: an external compressive stress is exerted on the wire in the radial direction and the lattice expands due to the Poisson effect. The compressive stress is termed growth stress evolving in the NWs when they are electrochemically deposited under confinement of a template. Although the origin of the growth stress in the NWs is not clear at the moment, it should be constant regardless of the wire radius when the electrodeposition conditions, such as growth rate, temperature, and pH, are same. The growth stress in the NW is comparable to the stress force ͑N/m͒ evolving during thin film growth on a substrate, an intrinsic property which is invariable for the same film deposition process. 27, 28 In this study, however, the growth stressinduced strain increases with the reciprocal radius. This suggests that the NW growth stress is a function of the wire radius. For an external surface stress force ͑ ,N/ m͒ exerted on a unit surface length of the sphere with a radius ͑r͒, the inward pressure exerted on the sphere is expressed as 2 / r according to the Laplace-Young relation. The factor of 2 originates from the spherical shape. Similarly, for a cylindrical NW, the compressive growth stress ͑ G ͒ can be deduced as G = / r NW . Figure 3 depicts that an intrinsic growth stress G is externally applied to the cylindrical NW with open ends under a plane stress condition ͑ zz =0͒. The Lamé formula yields rr = =− G when only external pressure is applied to a cylindrical NW. 29 The boundary conditions are rr =− G at r = r NW and the displacement is zero at r =0, respectively. According to Hooke's law, the longitudinal strain due to the growth stress can be written as
and the corresponding lattice contraction is derived as rr = −͑1−͒ G / E b . 29 Optimized curve fitting of the experimental data via Eq. ͑2͒ yields = 8.7 N / m, as shown in Fig. 2͑b͒ .
Here, = 0.34 and E b = 76 GPa are used 30 and the lattice contractions due to the surface relaxation ͓according to Eq. ͑1͔͒ are neglected as they are very small in comparison with the lattice expansion due to the growth stress. Interestingly, when = 8.7 N / m, Eq. ͑2͒ describes well the size-dependent lattice expansion of Sn NWs in a range of 1 / r NW = 0.03-0.15 nm −1 despite some deviations. This implies that a compressive growth stress of 870 MPa is exerted on a NW with r NW = 10 nm, for example. It is noted that the size dependency of the elastic modulus needs to be incorporated into Eq. ͑2͒ because the elastic modulus is also size dependent in the nanometer scale 1,5,13 and will be considered in future work.
In summary, a size-dependent longitudinal lattice expansion of Sn NWs was observed. This is ascribed to the Poisson effect due to the compressive growth stress exerted in the radial direction of the NW. Growth stress is intrinsically generated during electrodeposition and increases with the reciprocal radius. Further studies on the physical origin of the growth stress during template-supported deposition are needed because the residual stress can influence the electrical and mechanical properties of one-dimensional nanomaterials. 
